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ABSTRACT
We present forecasts on the capability of future wide-area high-sensitivity X-ray surveys
of galaxy clusters to yield constraints on the parameters defining the Dark Energy (DE) equa-
tion of state (EoS). Our analysis is carried out for future X-ray surveys which have enough
sensitivity to provide accurate measurements of X-ray mass proxies and Fe-line based red-
shifts for about 2 × 104 clusters. We base our analysis on the Fisher Matrix formalism, by
combining information on the cluster number counts and power spectrum, also including, for
the first time in the analysis of the large scale cluster distribution, the effect of linear redshift
space distortions. This study is performed with the main purpose of dissecting the cosmologi-
cal information provided by geometrical and growth tests, which are both included in the anal-
ysis of number counts and clustering of galaxy clusters. We compare cosmological constraints
obtained by assuming different levels of prior knowledge of the parameters which define the
relation between cluster mass and X-ray observables. This comparison further demonstrates
the fundamental importance of having a well calibrated observable-mass relation and, most
importantly, its redshift evolution. Such a calibration can be achieved only by having at least
∼ 103 net photon counts for each cluster included in the survey, with sufficient angular resolu-
tion. We show that redshift space distortions in the power spectrum analysis carry important
cosmological information also when traced with galaxy clusters. We find that the DE FoM
increases by a factor of 8 when including the effect of such distortions. Besides confirming
the potential that large cluster surveys have in constraining the nature of Dark Energy, our
analysis emphasizes that a full exploitation of the cosmological information carried by such
surveys requires not only a large statistic but also a robust measurement of the mass proxies
and redshift for a significant fraction of the cluster sample, which ought to be derived from
the same X-ray survey data. This will be possible with future X-ray surveys, such as those en-
visioned with the Wide Field X-ray Telescope, with an adequate combination of survey area,
sensitivity and angular resolution.
1 INTRODUCTION
A number of independent cosmological observations, ranging from
type-Ia supernovae (SNIa) (e.g. Riess et al. 2007; Perlmutter et al.
1999), to Cosmic Microwave Background (CMB) anisotropies (e.g.
Komatsu et al. 2011; Larson et al. 2011) and Large Scale Struc-
ture (LSS) (e.g. Vikhlinin et al. 2009; Reid et al. 2010), convinc-
ingly show that the Universe is undergoing a phase of accel-
erated expansion. One of the main challenges of modern cos-
mology is in fact understanding the source of such acceler-
ation. To this purpose, a number of models have been pro-
posed that modify the two pillars of modern cosmology, gen-
eral relativity and the standard model of fundamental interac-
tions (e.g. Silvestri & Trodden 2009, and references therein). Mod-
els that modify the latter and, therefore, the energy-momentum
tensor in the Einstein equation are, for example, the scalar
field models like quintessence (e.g. Caldwell & Kamionkowski
2009; Doran & Wetterich 2003; Zlatev et al. 1999; Ratra & Peebles
1988), k-essence (e.g. Tsujikawa 2010; Mukohyama & Randall
2004), coupled Dark Energy (e.g. Amendola 2000) and Chapligin
gas (e.g. Bento et al. 2002). Models that modify general relativity
can produce the cosmic acceleration without including a Dark En-
ergy (DE) component, but they should also satisfy stringent con-
straint from local (e.g. solar system) tests of gravity. Examples of
such models are the braneworld models, like DGP (e.g. Dvali et al.
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2000; Movahed et al. 2009), f (R) theories (e.g. Hu & Sawicki
2007; Brax et al. 2008; Appleby et al. 2010; Sotiriou & Faraoni
2010) and scalar-tensor theories (e.g. Skordis 2009).
The first model proposed to explain cosmic acceleration was
based on the introduction of a cosmological constant Λ that can
be thought as a fluid with negative pressure and equation of state
(EoS) which is constant in space and time, p = wρc2 with w = −1.
However, a cosmological constant able to drive the accelerated ex-
pansion leads to the well known problem that Λ needs to be so tiny
with respect to any natural energy scale, that there is no theoret-
ical justification for it. Thus, a plethora of models, characterized
by different parametrizations of the DE EoS evolution, have been
proposed (e.g. Wetterich 2004). In principle, it is possible to distin-
guish among different DE models by combining different cosmo-
logical probes, both based on the geometry of the universal back-
ground and the growth of density perturbations (e.g., Albrecht et al.
2006).
In this context, clusters of galaxies have long been recognized
as potentially powerful probes of the nature of DE and cosmologi-
cal models in general (e.g. Allen et al. 2011; Lombriser et al. 2010;
Manera & Mota 2006, and references therein). Clusters of galaxies
provide cosmological information in a number of different ways.
The evolution of the cluster space density depends on cosmologi-
cal parameters through both the linear growth rate of density per-
turbations and the redshift dependence of the volume element. The
large-scale clustering of galaxy clusters is also sensitive to cosmo-
logical parameters, through the growth rate of perturbations, which
affects both the bias parameter and the redshift-space distortions, as
well as by sampling the shape of the underlying Dark Matter (DM)
power spectrum over a broad range of wavenumbers. As of today,
relatively small samples of ∼ 100 X-ray selected clusters, originally
identified out to z ≃ 0.8 by the ROSAT satellite and then followed-
up by Chandra to obtain robust mass estimates, have provided in-
teresting DE constraints (e.g., Vikhlinin et al. 2009; Mantz et al.
2010), which complement and agree with those from CMB and
SNIa observations (see also Rapetti et al. 2005). More recently, by
using a complete sample of ∼< 1000 nearby clusters at z∼< 0.2, iden-
tified in the ROSAT All-Sky Survey (RASS; Truemper 1993), the
large-scale power spectrum has been constructed over a fairly wide
scale range (e.g., Balaguera-Antolı´nez et al. 2011).
While the first Sunyaev-Zeldovich (SZ) surveys have
now started producing cluster samples of similar sizes, (e.g.,
Marriage & the ACT Team 2011; Williamson & the SPT Team
2011; Planck Collaboration 2011), the next generation of X-ray
(e.g., eROSITA1, WFXT2) and optical (e.g., DES3, EUCLID4)
surveys are expected to increase by orders of magnitude the
number of galaxy clusters, further extending the redshift range
over which they trace the growth of cosmic structures. Such large
cluster surveys have the potential of placing very tight constraints
on different classes of DE models, possibly finding signatures of
departures from the standard ΛCDM predictions. Several studies
have dealt with constraints of DE models from future cluster
surveys focusing on the impact of uncertainties in cluster mass
estimates (e.g. Battye & Weller 2003; Majumdar & Mohr 2004;
Lima & Hu 2005, 2007; Cunha 2009; Cunha & Evrard 2010;
Basilakos et al. 2010). All these analyses generally assume that,
1 http://www.mpe.mpg.de/heg/www/Projects/erosita/index.php
2 http://www.wfxt.eu/
3 http://www.darkenergysurvey.org/
4 http://sci.esa.int/science-e/www/area/index.cfm?fareaid=102
when a cluster is detected and included in a survey, the observable
(i.e., X-ray luminosity, optical richness) on which the detection is
based can be related to the actual cluster mass through a suitable
relation, whose functional form is assumed to be known and
depends on a set of additional parameters.
A more conservative approach would instead require that for
all clusters included in a survey detailed follow-up observations are
carried out to calibrate suitable and robust mass proxies. Examples
of such mass proxies in X-ray surveys include the total gas mass
(e.g. Mantz et al. 2009) or the product of gas mass and tempera-
ture, the so-called YX parameter (Kravtsov et al. 2006), which can
be computed when a relatively large number of photons is avail-
able. Clearly, while measuring flux for an X-ray extended source
requires only ∼ 50 photons, or less for missions with low back-
ground, the measurement of robust mass proxies requires at least
∼ 103 photons.
In this paper, we will derive forecasts for constraints on the
EoS of DE models from future X-ray surveys. We envision that
these surveys will be carried out with a telescope with high-enough
sensitivity to readily provide robust measurements of mass proxies
and Fe-line based redshifts for ∼> 104 clusters, which are all char-
acterized by “Chandra-quality” data, thus avoiding the need of ex-
ternal and time-consuming follow-up observations. For example,
the Wide Field X-ray Telescope (WFXT) concept was developed
to meet such a requirement. This telescope combines large collect-
ing area with a large field-of-view and sharp point spread function
(PSF) approximately constant over the entire field of view (e.g.,
Giacconi et al. 2009; Murray & WFXT Team 2010; Rosati et al.
2011).
We adopt the specifications of the WFXT surveys, as an ex-
ample of next generation X-ray cluster surveys, and we compute
cosmological forecasts using the well-established Fisher Matrix ap-
proach (e.g., Dodelson 2003), to combine information from clus-
ter number counts and large-scale clustering. We will quantify the
constraints expected on DE models and their dependence on the
knowledge of the relation between X-ray observables and cluster
mass, for a range of survey strategies (i.e. depth vs. sky coverage).
In the course of this study, we will discuss how number counts and
the power spectrum of the large-scale distribution of clusters con-
vey cosmological information.
As a novel contribution in this paper, we will show how the
detection of Baryonic Acoustic Oscillations (BAOs) and redshift
space distortions (RSDs) on cluster scales can significantly con-
tribute to constrain cosmological parameters, similarly to a number
of previous studies based on the large scale distribution of galax-
ies (e.g., Guzzo et al. 2008; Rassat et al. 2008; Stril et al. 2010;
Wang et al. 2010).
This paper is structured as follows. In Section 2, we briefly
describe the parametrizations of the DE EoS that we use, and de-
scribe our Fisher-Matrix approach for cluster number counts and
power spectrum. In Section 3, we first describe the characteristics
of the cluster survey, and derive the forecasts on the constraints
on DE EoS parameters. In this section, we will also quantify the
impact that uncertainties in the scaling relation between X-ray ob-
servables and cluster mass have on such constraints. We discuss our
results and present our conclusions in Section 4.
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2 CLUSTERS AS DARK ENERGY PROBES
The relevant parameters of our analysis are the power spectrum nor-
malization, σ8, the matter density parameter, Ωm, and the specific
parameters defining the DE EoS.
The reference analysis is carried out for the standard
parametrization of the DE EoS, originally proposed by Linder
(2003),
w(a) = w0 + wa(1 − a) , (1)
where a is the cosmic expansion factor (see also
Chevallier & Polarski 2001). This parametrization has been
used in the Dark Energy Task Force reports (DETF; Albrecht et al.
2006, 2009) to assess the constraining power of different cosmo-
logical experiments.
Albrecht et al. (2006) presented forecasts on the constraints on
the w0 and wa parameters from redshift number counts of cluster
surveys. Mantz et al. (2010) derived constraints on these param-
eters from the observed evolution of the cluster X-ray luminos-
ity function, using a combination of nearby clusters selected from
the RASS (Truemper 1993; Ebeling et al. 1998; Bo¨hringer et al.
2004) and medium-distant clusters selected from the (RASS based)
MACS survey (e.g. Ebeling et al. 2010). An update on the con-
straints available at present on these parameters has been presented
by Komatsu et al. (2011) using a combination of the 7-year WMAP
CMB data, SN-Ia, Big-Bang Nucleosynthesis results and BAOs
traced by the large-scale galaxy distribution.
Furthermore, we will also assess the constraining power of
X-ray cluster surveys for the class of quintessence models, called
Early Dark Energy (EDE) (Wetterich 2004). In these models,
DE drives not only the accelerated expansion of the Universe at
relatively low redshift, but also provides a non-negligible con-
tribution at early times, i.e. before the last scattering surface
(Doran & Wetterich 2003). A parametrization of a class of EDE
models has been proposed by Wetterich (2004) as a function of
the amount of DE at z = 0, the present EoS parameter, w0, and
an average value of the energy density parameter at early times,
Ωe,de. The EoS parametrization that we choose is the one studied
by Grossi & Springel (2009):
w (z) = w0(1 +C ln(1 + z))2 . (2)
In the above relation the quantity C is given by
C = 3 w0
ln
(
1−Ωe,de
Ωe,de
)
+ ln
(
1−Ωm,0
Ωm,0
) , (3)
and characterizes the redshift at which a constant EoS turns into a
different behaviour according to the presence of DE at early times.
Since both EDE andΛCDM models have to reproduce the observed
cluster abundance at low redshifts, in the EDE model we expect
structures to form earlier and to have slower evolution of the halo
population that in the ΛCDM one.
Alam et al. (2011) used the EDE parametrization by
Corasaniti & Copeland (2003) to forecast constraints on these
models from the abundance of X-ray clusters expected in the
eROSITA survey (e.g. Predehl et al. 2007) and from the SZ power
spectrum from the South Pole Telescope (SPT, Staniszewski et al.
2009). In our analysis, we use a different parametrization of EDE
models, we derive forecasts for high-sensitivity X-ray surveys,
and, particularly, we include the constraints from the redshift space
power spectrum of clusters.
2.1 Cluster number counts
The information Fisher Matrix (FM) is defined as
Fαβ ≡ −
〈
∂2 lnL
∂pα∂pβ
〉
, (4)
where L is the likelihood of the observable (e.g. Dodelson 2003).
This can be used to understand how accurately we can estimate
the value of a vector of parameters p for a given model from one
or more data sets, under the assumption that all parameters have a
Gaussian distribution.
Following the approach of Holder et al. (2001) and
Majumdar & Mohr (2003), the FM for the number of clus-
ters, Nl,m, within the l-th redshift bin and m-th bin in observed mass
Mob, can be written as
FNαβ =
∑
l,m
∂Nl,m
∂pα
∂Nl,m
∂pβ
1
Nl,m
, (5)
where the sums over l and m run over redshift and mass intervals,
respectively. In this notation, Mobl,m=0 = Mthr(z), where Mthr(z) is
defined as the threshold value of the observed mass for a cluster to
be included in the survey. We write the number of clusters expected
in a survey with a sky coverage ∆Ω, with observed mass between
Mobl,m and Mobl,m+1, and observed redshift between zobl and zobl+1 as
Nl,m = ∆Ω
∫ zobl+1
zobl
dz dVdzdΩ
∫ Mobl,m+1
Mobl,m
dMob
Mob
∫ ∞
0
dM n(M, z) p(Mob‖M) . (6)
In the equation above, dV/dz is the cosmology-dependent comov-
ing volume element per unity redshift interval and solid angle, and
n(M, z) the halo mass function. We assume the expression provided
by Jenkins et al. (2001) for the mass function of halos, with mass
computed at the virial overdensity, ∆vir = 324, for the cosmologi-
cal model assumed in their simulations (see their equation (B4)).
We verified in test cases that all our results are left unchanged
if we use instead the more recent calibration of the mass func-
tion proposed by Tinker et al. (2008). Furthermore, p(Mob‖M) is
the probability to assign to each cluster with true mass M an ob-
served mass Mob. This probability is defined using the prescription
of Lima & Hu (2005), which takes into account the presence of
a lognormal-distributed intrinsic scatter in the scaling relation be-
tween observable and mass (see also Sartoris et al. 2010, S10 here-
fater):
p(Mob‖M) = exp[−x
2(Mob)]√(
2πσ2ln M
) , (7)
where
x(Mob) = ln M
ob − BM − ln M√(
2σ2ln M
) . (8)
Here BM is the fractional value of the systematic bias in the mass
estimate and σln M is the intrinsic scatter in the relation between the
true and the observed mass. A negative value for BM corresponds to
a mass underestimate and, therefore, to a smaller number of clus-
ters included in a survey, for a fixed selection function. The intrinsic
scatter has the effect of increasing the number of clusters included
in the survey. In fact, the number of low-mass clusters that are up-
scattered above the survey mass limit is always larger than the num-
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ber of rarer high-mass clusters which are down-scattered below the
same mass limit (e.g., Cunha 2009, and references therein).
Including equation (7) into equation (6), we obtain
Nl,m =
∆Ω
2
∫ zobl+1
zobl
dz dVdzdΩ∫ ∞
0
dM n(M, z) [erfc(xm) − erfc(xm+1)] (9)
where erfc(x) is the complementary error function.
In equation (9), we assume the sky coverage ∆Ω to be in-
dependent of the limiting mass threshold or, equivalently, of the
cluster flux. This formalism can be easily generalized to include a
flux-dependent sky coverage, which is due to the general degrada-
tion of resolution and sensitivity over the the field of view of X-ray
telescopes. Finally, we assume that errors on the cluster redshift
measurements can be ignored (see discussion in Section 3.1; see
also Lima & Hu 2007 for a presentation of a method to include the
effect of redshift errors in the computation of the Fisher Matrix for
cluster number counts).
2.2 Power spectrum
A new aspect in this analysis, with respect to one presented in S10,
is the inclusion of the distorted anisotropic mapping between the
real space density field and measurements in redshift space caused
by peculiar velocity (redshift space distortions). Following Kaiser
(1987), the redshift space matter power spectrum ˜P (k, µ) in the lin-
ear regime acquires a dependence on the cosine of the angle be-
tween the wave number k and the line-of-sight direction, µ, ac-
cording to
˜P (k, µ, z) =
(
be f f + fµ2
)2
D2(z) P (k) . (10)
Here, P(k) is the matter power spectrum in real space, be f f is the lin-
ear bias weighted by the mass function (see equation (20) in S10),
and f (a) = dln D(a)/dln a is the so-called growth function, i.e. the
logarithmic derivative of the linear growth rate of density pertur-
bations, D(a), with respect to the expansion factor a. Here we as-
sume for the bias of halos of mass M the expression provided by
Sheth & Tormen (1999).
The average cluster power spectrum calculated within a given
redshift interval, ¯Pcl, can then be written as
¯Pcll,m,i(µ, k, zl) =
∫ zl+1
zl
dz dVdz n˜
2(z) ˜P(µ, k, z)∫ zl+1
zl
dz dVdz n˜2(z)
, (11)
where n˜ =
∫ ∞
0 dM n(M, z) [erfc(xm) − erfc(xm+1)]. Therefore, the
Fisher Matrix for the power spectrum of galaxy clusters is
Fαβ =
1
8π2
∑
l,m,i
∂ ln ¯Pcl(µi, km, zl)
∂pα
∂ ln ¯Pcl(µi, km, zl)
∂pβ
Ve f fl,m,ik
2
m∆k∆µ, (12)
(e.g. Tegmark 1997; Feldman et al. 1994; Abramo 2011) where the
sums over l, m, i run over bins in redshift, wavenumber k and an-
gle µ, respectively. The quantity Veff(µ, k, z) in equation (12) is the
effective volume accessible by the survey at redshift z, at wavenum-
ber k (e.g. Tegmark 1997; Sartoris et al. 2010).
For the matter power spectrum, we adopt the expression for
the Cold Dark Matter provided by Eisenstein & Hu (1998), which
includes the effect of BAOs. In order to quantify the information
carried by the BAOs detection, we use also the power spectrum
shape from Eisenstein & Hu (1998), which smoothly interpolates
through the oscillations. Moreover, we study the geometric infor-
mation carried by the shape of the power spectrum by describing
it with a general free parameter Γ, and thus ignoring its CDM
specific relation Γ = Ωmh.
In our analysis, we assume the following reference values
for the cosmological parameters, consistent with the WMAP-7
best fitting model (Komatsu et al. 2011): Ωm = 0.28 for the
present-day matter density parameter, Ωk = 0 for the contribution
from the curvature, σ8 = 0.81 for the normalization of the
power spectrum, Ωb = 0.046 for the baryon density parameter,
H0 = 70 km s−1Mpc−1 for the Hubble parameter, n = 0.96 for
the primordial spectral index. For the DE EoS parametrization of
equation (1), we take w0 = −0.99 and wa = 0 as reference values,
while for the EDE model of equation (2) we assumed the reference
values of w0 = −0.93 and Ωe,de = 2 × 10−4. Therefore, we have
in total eight cosmological parameters, which are left free to vary
in the computation of the number counts and power spectrum
Fisher Matrices defined in equations (5) and (12). We note that for
the above choice of the cosmological parameters, the reference
DE model of equation (1) is consistent with the WMAP-7 results
on CMB anisotropies. For the reference EDE model, we adopt
the same values of the non-DE parameters, including σ8. This
implies that both models are chosen to have the same low-redshift
normalization as to provide the same cluster number counts
(see also Fig. 1), instead of being normalized to CMB. In the
following, constraints on cosmological parameters will be shown
in the (Ωm, σ8) and (w0,wa) planes, while marginalizing over the
remaining parameters.
Unless otherwise stated, all the constraints that we present
in the following include the prior information expected from the
measurement of the CMB anisotropies with the Planck experiment.
This prior probability has been computed for each of the two ref-
erence DE models based on equations (1) and (2). Cosmologi-
cal constraints from Planck are derived by following the descrip-
tion presented in the DETF Albrecht et al. (2009) and by using
the method described in Rassat et al. (2008). We conservatively as-
sume that only the 143 GHz channel will be used as science chan-
nel. This channel has beam width θfwhm = 7.1 arcmin and sensi-
tivities σT = 2.2µK/K and σP = 4.2µK/K. We take fsky = 0.80
as the sky fraction in order to reduce the impact of galactic fore-
grounds. We use the minimum ℓ-mode, ℓmin = 30 in order to avoid
problems with polarization foregrounds. We choose as fiducial pa-
rameters θ = (ωm, θS , ln AS , ωb, nS , τ), where θS is the angular size
of the sound horizon at last scattering, ln AS is the logarithm of
the primordial amplitude of scalar perturbations and τ is the opti-
cal depth due to reionization. After marginalizing over the optical
depth, we calculate the Planck CMB Fisher matrix in the param-
eters (Ωm,Ωde, h, σ8,Ωb,w, nS ) by using the appropriate Jacobian
of the involved parameter transformation (Rassat et al. 2008). Here
w is a two-component vector which includes the parameters of the
two DE models considered here: w = (w0,wa) for the model of
equation (1) and w = (w0,Ωe,de) for the model of equation (2).
3 ANALYSIS AND RESULTS
3.1 Characteristics of the surveys
In X-ray flux-limited cluster surveys, when the cluster redshift is
known, the flux limit for cluster detection can be translated into
c© 0000 RAS, MNRAS 000, 000–000
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Table 1. Characteristics of the envisioned WFXT surveys. Sky coverage Ω
(in sq.deg.) (Column 2). Flux limits in the [0.5-2] keV energy band (units
of 10−14erg s−1cm−2) for clusters detected with ∼ 30 counts (Column 3, see
also Giacconi et al. 2009) and with >1500 counts (Column 4). Number of
clusters, corresponding to f1500, detected at z > 0 (Column 5) and z > 1
(Column 6).
Survey Ω fdet f1500 N1500(z > 0) N1500(z > 1)
Wide 20000 0.5 15.0 8471 0
Medium 3000 0.1 3.0 8435 220
Deep 100 0.01 0.3 1509 375
a mass limit, based on a previously calibrated relation between
X-ray luminosity and mass. In order to account for the uncertain
knowledge of this relation, the so-called self-calibration method
had been proposed by different authors (e.g. Majumdar & Mohr
2003; Lima & Hu 2005; Cunha 2009, S10). In this approach, the
uncertainty in the relation between mass and observable for very
large samples can be described by an intrinsic scatter and a system-
atic bias in the estimate of cluster masses. Thus, parameters defin-
ing the scaling relation are treated as fitting parameters to be deter-
mined along with the relevant cosmological parameters. Clearly,
a more realistic and direct method to estimate cluster masses is
the one adopted in Vikhlinin et al. (2009) and Mantz et al. (2010)
using relatively small samples of clusters based on ROSAT data.
Deep follow-up Chandra observations with more than 103 photons
for each cluster allowed them to measure mass proxies which are
closely related to cluster mass, with small (∼< 10%) intrinsic scatter.
Examples of such proxies are the total gas mass, Mgas, calculated
within a fiducial aperture radius, or the product of gas mass and
temperature, YX = MgasTX , originally introduced by Kravtsov et al.
(2006).
Next generation of cluster surveys, with high-sensitivity and
good angular resolution such as WFXT, will yield large subsamples
of clusters, each detected with a large enough number of photons
to enable direct measurements of these mass proxies. As additional
key benefit, these high quality data will allow cluster redshifts to be
measured from the Fe-K 6.7 keV line in the X-ray spectra, without
resorting to demanding optical spectroscopic follow-up campaigns.
Yu et al. (2011) carried out a blind systematic search for K-shell
and L-shell Fe line complex from Chandra data. Using a sample of
46 clusters in the Chandra archive, they found that the cluster red-
shift can generally be measured from X-ray data with a precision
of ∆z∼< 0.01 when at least 103 counts are available.
In this paper, we derive cosmological forecasts for three ref-
erence WFXT surveys, which are complementary in terms of sen-
sitivity and sky coverage: a wide survey covering 20,000 sq.deg.
down to a flux in the [0.5-2] keV band of f1500 = 1.5 ×
10−13 erg s−1cm−2, a medium survey covering an area of 3000
sq.deg. and reaching f1500 = 3 × 10−14 erg s−1cm−2 and a deep sur-
vey over 100 sq.deg. with f1500 = 3 × 10−15 erg s−1cm−2 (see Table
1). Given the WFXT performances (e.g. Giacconi et al. 2009), at
these flux limits, clusters are detected with at least 1500 counts,
thus allowing precise measurements of robust X-ray mass proxies
and Fe-line based redshifts.
To convert cluster fluxes to masses, we follow the same pro-
cedure described in S10 and we refer to that paper for more de-
tails. We use the relation between X-ray luminosity and M500 cali-
brated by Maughan (2007), who analysed Chandra data to estimate
masses from YX for an extended sample of clusters over the redshift
range 0.1 < z < 1.3.
In the following (see Sect. 3.3.1), we show the impact on cos-
mological constraints of setting strong priors on the parameters
defining the relation between mass and X-ray observable, when at
least 1500 photons per cluster are available to measure YX or Mgas
proxies, as well as the cluster redshift.
3.2 The mass-observable relation
Besides the eight cosmological parameters, our Fisher Matrix anal-
ysis also constrains the parameters which specify the redshift de-
pendence of the fractional mass bias, BM, and of the intrinsic scatter
σln M . Since current data and simulations (e.g. Stanek et al. 2010;
Fabjan et al. 2011) show no significant evidence for a mass depen-
dence of these parameters, in the following we do not consider this
possibility. According to S10, we assume:
BM(z) = BM,0(1 + z)α
σln M(z) = σln M,0(1 + z)β . (13)
In this way, we have four parameters, BM,0, σln M,0 , α and β, which
account for the uncertain knowledge in the relation between ob-
servables and mass (we refer them to hereafter as mass parame-
ters). We consider a reference value BM,0 = −0.15 for the mass bias
at z = 0 and α = 0 for its evolution. This value of BM,0 implies that
X-ray masses are assumed to be underestimated by 15 per cent.
This is in line with the level of violation of hydrostatic equilibrium
found by different authors from the analysis of hydrodynamic sim-
ulations of clusters (e.g. Borgani & Kravtsov 2009, and references
therein), and from the comparison between weak-lensing and X-ray
masses (e.g., Mahdavi et al. 2008; Zhang et al. 2010; Okabe et al.
2010). We also assume an intrinsic scatter σln M,0 = 0.25, with
β = 0 for its evolution, consistent with the M500-LX relation mea-
sured by Maughan (2007). We refer to S10 for a more detailed dis-
cussion on the choice of these parameters. Following Lima & Hu
(2005), we point out that we use the variance σ2lnM,0 and not the scat-
ter as the varying parameter in our Fisher matrix analysis. In fact,
this variance controls the excess of clusters which are up-scattered
above the selection threshold, with respect to those that are down-
scattered.
In summary, we have four mass parameters that add up to the
eight cosmological parameters for which we compute the Fisher
Matrix. In order to quantify the effect of the uncertain knowledge
of the mass parameters, we set in the following four different levels
of prior. In order of constraining strength, they can be described as
follows.
1. No prior: all the four mass parameters are left free to vary by
assuming no prior knowledge on their range of variation.
2. Weak prior: we assume ∆BM,0 = 0.05, ∆α = 1, ∆σ2ln M,0 = 0.2
and ∆β = 1 for the 1σ uncertainty with which the four mass param-
eters are assumed to be known. The above value of ∆BM,0 reflects
the current uncertainty between different calibrations of violation
of hydrostatic equilibrium from simulations and from the compar-
ison of weak-lensing and X-ray masses. The reference value of
∆α allows for a large variation of the uncertainty with which we
can calibrate this violation as a function of redshift. The values of
∆σ2ln M,0 and ∆β are rather conservative choices, in view of the large
number of clusters available from future surveys which will allow
an accurate estimate of the scatter in mass-observable scaling rela-
tions. We refer to S10 for a further discussion on the choice of this
prior for the mass parameters.
3. Evolution strong prior: in order to emphasize the role played
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Table 2. Prior on mass parameters assumed in the four cases under study
(see text) and relative Figure of Merit (FoM) [see equation (14)] from the
combination of three surveys. The analysis is carried out by including the
Planck prior.
Reference
values: BM,0 = −0.15 α = 0 σ2ln M,0 = (0.25)2 β = 0
Cases: Strong Evolution Weak No Prior
∆BM,0 0 0.05 0.05 /
∆α 0 0 1 /
∆σ2ln M,0 0 0.2 0.2 /
∆β 0 0 1 /
FoM 106 91 64 61
by the uncertain redshift evolution of the mass parameters, we as-
sume in this case the uncertainty in BM,0 and σ2ln M,0 to be the same
as in the weak prior case, while we assume their evolution to be
known to good precision, so that ∆α = 0 and ∆β = 0.
4. Strong prior: in this case we consider the uncertainties in the
calibration of the mass-observable relation are so small to be ne-
glected. While this assumption is not realistic in an X-ray clus-
ter survey providing only detection of clusters, it is plausible for
a high-sensitivity survey which provides measurements of robust
mass proxies for all the clusters above the flux limits discussed in
the previous section.
We summarize in Table (2) these different choices of the
uncertainties in the mass parameters for the different priors that we
assume.
Before proceeding with the derivation of forecasts for con-
straints on cosmological parameters, we verify that our fiducial cos-
mological models, with the above reference choice for the mass pa-
rameters, match available observational data on X-ray cluster sur-
veys. To this purpose, we show in Fig. 1 a comparison between
the predicted and the observed redshift distribution for the ROSAT
Deep Cluster Survey to an X-ray flux limit of 3× 10−14 erg s−1cm−2
in the [0.5-2] keV band (RDCS-3, Rosati et al. 1998, 2002). We
stress that this is not meant to be a fit to an observational measure-
ment of the cluster abundance up to z ∼ 1, but rather a test that
our reference model is consistent with current observations. The
redshift distributions for the two reference DE models have been
obtained by convolving the predicted redshift distributions with the
flux-dependent RDCS sky coverage, which provides complete in-
formation on the survey selection function. We adopt a minimum
luminosity of LX[0.5 − 2keV] = 1042 erg/s which is appropriate for
the RDCS selection function.
The good agreement with the data indicates that the our refer-
ence model can be used to provide a realistic extrapolation of the
evolution of the cluster mass function over redshift and mass ranges
which are not probed by currently available data.
In Fig. 2 and 3, we show the cumulative redshift distributions
of clusters to be observed in the Wide, the Medium and the Deep
surveys according to our reference DE and EDE models, respec-
tively. In the lower panel of Fig. 3, we also show the ratio be-
tween the cumulative redshift distributions obtained for these two
DE models by combining the three surveys. In order to reproduce
the observed abundance of clusters at low redshift, in EDE mod-
els structures start to form earlier and the halo population follows
a slower evolution than in the ΛCDM prescription. We note that
the combination of the three surveys would provide about 2 × 104
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Figure 1. Comparison between the observed redshift distribution of X-ray
selected galaxy clusters (histogram with symbols with errorbars) from the
ROSAT Deep Cluster Survey -3 (Rosati et al. 2002, 1998) and predictions
from the reference DE model based on equation (1) (red solid curve) and
EDE model of equation (2) (green dotted curve). Errorbars on observational
data points correspond to 1σ Poissonian uncertainties (Gehrels 1986).
clusters with sufficient photons to allow robust measurements of X-
ray mass proxies. The total number of clusters is dominated by the
Wide and the Medium surveys. The Deep survey is expected to pro-
vide a smaller number of clusters at low redshift, due to the smaller
survey area. However, the number of distant clusters at z > 1 is
dominated by the Deep survey, owing to its higher sensitivity (see
also S10).
3.3 Cosmological constraints
Having defined the reference cosmological model and the charac-
teristics of the X-ray cluster surveys, we present in this section fore-
casts on constraints of DE EoS parameters. We show our results in
terms of constraints on the (Ωm, σ8) and the (w0,wa) plane at the 68
per cent confidence level, after marginalizing over the other cos-
mological and mass parameters, and in terms of Figure of Merit
(FoM). The concept of FoM for DE constraints was introduced in
the Dark Energy Task Force (DETF) report (e.g., Albrecht et al.
2009) in order to quantify the knowledge on DE EoS parameters
that future cosmological experiments can reach. In general, the
FoM for the capability of an experiment to constrain a pair of cos-
mological parameters (pi, p j) can be defined as
FoM =
(
det
[
Cov(pi, p j)
])−1/2
, (14)
where Cov(pi, p j) is the covariance matrix between the two inter-
esting parameters. With this definition, the FoM is proportional to
the inverse of the area encompassed by the ellipse representing the
68 per cent confidence level for model exclusion.
In the computation of the cluster number counts Fisher Matrix,
equation (5), Nl,n is calculated within intervals of observed redshift,
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Figure 2. The cumulative redshift distributions of clusters detected with
more than 1500 net counts in the three surveys, as predicted by the ref-
erence DE model of equation (1). Dashed (green), dotted (blue) and dot-
dashed (cyan) curves are for the Wide, Medium and Deep WFXT surveys,
respectively, while the solid (red) curve represents the sum of the three.
with width ∆z = 0.05 out to zmax = 2. As for the observed mass,
we use bins of width ∆ log M = 0.01, extending from the lowest
mass limit determined by the survey selection function at a given
redshift, up to 1016h−1 M⊙. We have verified that with this tight bin-
ning in mass we saturate information provided by cluster number
counts to constrain cosmological and mass parameters.
In the computation of the power spectrum Fisher Matrix, given
by equation (12), the average cluster power spectrum defined by
equation (11) is calculated by integrating over redshift intervals
having constant width ∆z = 0.2. This binning, which is coarser
than the one adopted for the number counts, was chosen as a
compromise between the need of extracting the maximum amount
of information from clustering evolution and the request of lim-
iting the covariance between adjacent z-intervals (e.g., Stril et al.
2010). Indeed, the contribution from different z-bins can be added
in Fisher Matrix defined by equation (12) only if they carry statis-
tically independent information. Using small redshift bins implies
that the neighbouring bins are significantly correlated. In this case,
the covariance terms between different redshift intervals should
be included in the likelihood function entering in the expression
of equation (12) for the power spectrum FM. As for the wave
number, we consider a minimum value of k = 0.001 Mpc−1; the
choice of this minimum value does not change the final results,
because extremely large wave modes are not sampled by the sur-
veys used and, therefore, do not provide any contribution to the
Fisher Matrix. The maximum value chosen is kmax = 0.3 Mpc−1.
This choice derives from the need to maximize the information
extracted from the three surveys, while avoiding at the same time
the contribution from small-scale modes where the validity of the
linear bias model is compromised by the onset of non-linearity
(e.g. Percival & White 2009; Stril et al. 2010; Rassat et al. 2008,
see also S10 for a quantitative analysis of the dependence on
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Figure 3. The cumulative redshift distributions of clusters detected with
more than 1500 net counts in the three surveys, as predicted by the refer-
ence EDE model of equation (2). Dashed (green), dotted (blue) and dot-
dashed (cyan) curves are for the Wide, Medium and Deep WFXT surveys,
respectively, while the solid (red) curve represents the sum of the three. In
the bottom panel we show the ratio between the cumulative redshifts distri-
butions for the combined survey, as predicted by the reference EDE model
and the reference DE model shown in Fig. 2. The shaded region represents
the Poissonian error on this ratio.
kmax of FM constraints for non-Gaussian models). In particular,
Crocce & Scoccimarro (2008) studied the non-linear evolution of
BAOs in the Dark Matter power spectrum and correlation function.
They showed that at k = 0.18 Mpc−1 the power spectrum predicted
by the linear theory is lower by a factor of 1.2 at z = 0 with re-
spect to the non–linear power spectrum. However, we stress that
the contribution of information to the Fisher Matrix carried by the
power spectrum at different redshifts decreases for both very high
and very low values of k (Sartoris et al. 2010). The contribution of
the power spectrum directly depends on the effective volume, (Veff
in equation 12). This quantity depends on the power spectrum it-
self, which is set by the bias parameter, and on the level of Poisson
noise, which is set by the number density of clusters and is maxi-
mized at k ≃ 0.01Mpc−1 (see Fig.7 of S10).
Wavenumber bins have been chosen to have log uniform
width ∆ log k = 0.1. Lastly, introducing redshift space distortions
information, the power spectrum acquires a dependence on µ,
which is defined as the cosine of the angle that k makes with the
line of sight (equation (10)). This implies that the Fisher Matrix
also involves a sum on µ that runs from µ = −1 to µ = 1. We
choose to divide the interval of µ into 9 bins. An odd number of
bins is required so that the central bin samples the values of the
redshift space power spectrum computed for µ = 0. In fact, this
number of bins maximizes the power spectrum at different redshifts
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Table 3. Figure of Merit and r.m.s. uncertainty in the DE EoS parameters,
for the WFXT three surveys, and for their combination. The analysis is
carried out by including the Planck prior and assuming strong prior for the
mass parameters.
Surveys Deep Medium Wide Total
FoM 20 60 17 106
σw0 0.20 0.097 0.14 0.064
σwa 0.94 0.54 0.70 0.41
and wavenumbers and, therefore, the contribution of Ve f f (Eq.12)
to the Fisher Matrix. We also verified that a larger number of
bins does not tighten constraints from the redshift space distortions.
The results of our analysis are presented in Fig. 4 where we
plot the 68 per cent confidence levels on the (Ωm, σ8) and (w0,wa)
plane, in the left and right panels, respectively. In each panel, we
show the contours obtained for each of the three surveys and for
their combination. Contours are all obtained by combining infor-
mation from number counts and power spectrum, also including
the prior information from Planck. A strong prior is also assumed
for the knowledge of the mass parameters (see Section 3.2).
The results in Fig. 4 show the trade-off between surveys area
and depth in constraining different cosmological parameters. As for
the results on (Ωm, σ8), there is no continuous trend in the con-
straining power of the three surveys as we reduce the covered area
and increase sensitivity. The Medium Survey is in fact the one with
most constraining power, especially for σ8, while the Deep and
the Wide Surveys are somewhat less constraining. Furthermore, the
three surveys provide comparable constraints on Ωm. This is con-
sistent with the expectation that constraints on this parameter are
mainly provided by information on the CMB anisotropies, carried
by the Planck prior. As for σ8, we remind that this parameter deter-
mines the timing of structure formation, therefore, constraints on
its value are sensitive to both the number of massive clusters in-
cluded in a survey, and on the effective redshift range covered by
the survey itself. In this respect, the Medium Survey provides the
best compromise between the number of massive clusters detected
within its area and depth.
As for the constraints on (w0,wa), we note that their depen-
dence on the survey area/depth is different from the case of the
(Ωm, σ8) parameters. While the Medium survey is still the most
constraining one, we note that the Deep Survey predict a tighter de-
generacy between w0 and wa than the Wide survey. This translates
into tighter constraints on the redshift evolution of the DE EoS, if
a prior knowledge on w0 is available, consistent with the fact that
the Deep Survey covers a larger redshift interval and provides the
larger amount of clusters for redshift greater then 0.9. This example
illustrates that the choice of the survey strategy depends in principle
on the cosmological parameters that one is mostly interested in. In
Table (3) we report the values of the FoM and the r.m.s. uncertainty
in the DE EoS parameters for each survey and for their combina-
tion, after marginalizing over the other parameters. The values of
the FoM in this table confirm that Medium Survey alone carries
most of the contribution to the FoM obtained by combining the
three surveys.
3.3.1 Effect of mass parameter priors
As a first test, we present the effect that using progressively stronger
priors on the mass parameters has on cosmological constraints. The
results of this analysis are shown in Fig. 5, where we plot the con-
straints on cosmological parameters obtained by combining infor-
mation from cluster number counts and power spectrum, from the
three surveys together. The Fisher Matrix from the cluster experi-
ment is also combined with the Planck Fisher Matrix.
In the left panel of Fig. 5, we show the constraints in the
(Ωm, σ8) plane. A progressively better knowledge of the relation
between X-ray observable and cluster mass turns into progressively
tighter constraints on the σ8 parameter, while leaving the results on
Ωm basically unchanged. The reason for this behaviour is that con-
straints on Ωm are mainly determined by the measurement of the
CMB anisotropies and by the shape of power spectrum, which how-
ever only provide rather loose constraints on σ8. On the other hand,
the power spectrum normalization is determined by the growth of
cosmic structures, which is traced by the evolution of the halo mass
function. Since a precise measurement of the mass function can
only be obtained through a detailed knowledge of the mass param-
eters, it is of little surprise that such parameters determine the ac-
curacy with which σ8 can be measured.
As for the constraints on the DE EoS parameters (see right
panel of Fig. 5), we note that improving the knowledge of the mass
parameters from the no prior (red ellipse) to the weak prior (cyan
ellipse) case only brings a modest enhancement of the constraining
power of the surveys. The main reason for this is that constraints
on DE parameters are here mainly contributed by the evolution of
linear perturbation growth. On the other hand, constraints on the
growth are rather degenerate with the uncertainty in the redshift
evolution of the mass parameters, which is assumed to be rather
generous also in the weak prior case. Indeed, a more significant im-
provement in the constraints on the DE parameters is obtained for
the evolution strong prior case (blue ellipse), which assumes a pre-
cise knowledge of the parameters determining the evolution of the
mass-observable relation, with only a slight further improvement
in the constraints obtained for the strong prior case (green ellipse).
These results confirm the importance of accurately calibrating the
evolution of the scatter and bias parameters by measuring different
mass proxies in high redshift clusters selected in the Deep survey.
Indeed covering at a high sensitivity an even small sky area allows
one to obtain a robust calibration of the scaling relations between
the cluster mass and X-ray mass proxies over a large redshift base-
line. As shown in Fig. 2, this survey will provide about 400 clusters
at z > 1 for which measurements of redshift, Mgas and YX will be
possible, out of which about 100 are expected to lie at z > 1.5. In
Table 2, by showing the value of the FoM obtained, we summarize
the results obtained in our analysis on the effect of uncertainties on
the mass parameters in the determination of DE EoS parameters.
3.3.2 Combining cluster number counts and power spectrum
We discuss now how the combination of number counts and power
spectrum information enhances cosmological constraints. To this
aim, we show the improvement on constraints obtained by adding
progressively information from the cluster number counts, the
mean cluster power spectrum analysis and the CMB prior from
Planck. The results are presented in Fig. 6 in the (Ωm, σ8) (left
panel) and (w0,wa) planes. Constraints are obtained by combining
information from the three surveys together and assuming strong
prior on mass parameters. The redshift evolution of the cluster
number counts sets the direction of degeneracy for the constraints
on Ωm and σ8. Such constraints are mainly placed on the linear
growth factor of density perturbations through the mass function.
Furthermore, since the density parameters contributed by matter
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and DE also affect the expansion history of the Universe, we ex-
pect their values to be constrained by the cluster number counts,
through the redshift evolution of the comoving volume element.
The power spectrum analysis provides information on the growth
rate of cosmic structure through the bias factor, and the RSDs ef-
fect. Moreover BAO features, that depend on the expansion history
of the universe (see Section 3.3.3), and the power spectrum shape
(see Section 3.3.4) are also sensitive to the underlying DM distri-
bution.
In Fig. (6), we show that adding the power spectrum infor-
mation to the number counts substantially shrinks the contours. In-
cluding the information from the Planck prior (red contour) further
contribute to tighten the contours in the (Ωm, σ8) plane. In order
to verify whether CMB add information only by constraining the
curvature of the Universe, we also show with the green contour the
effect of assuming instead a flat Universe on the cluster constraints.
In this case, results on (Ωm, σ8) are not drastically improved with
respect to the case in which curvature is a free parameter, while they
are significantly worse than with the Planck prior. The reason for
this result is that CMB anisotropies provide constraints not only on
the curvature, but also on the Hubble parameter h, on Ωb and on the
primordial spectral index ns. All these parameters enter in defining
the shape of the power spectrum, along with Ωm. Therefore, their
precise determination from the CMB turns into a significant im-
provement of constraints on the density parameter from the shape
of the power spectrum.
As for the constraints on (w0,wa), their direction of degen-
eracy changes as a specific geometry is assumed. Imposing the
flat prior corresponds to fix the redshift at which DE component,
Ωde, starts dominating over Ωm and, therefore, breaks the degen-
eracy between w0 and wa. By including the Planck prior, instead
of assuming flatness, has a smaller impact than for the (Ωm, σ8)
constraints. Therefore, even though CMB alone does not provide
in itself stringent constraints on the DE EoS, it is quite effective
in improving the corresponding constraints from cluster number
counts and power spectrum, owing to its leverage on the geome-
try of the Universe. The Deep and Medium surveys dominate the
cluster counts at z∼> 0.4 (see Fig. 2), thus improving the constraints
on the growth rate of perturbations in a redshift range where it is
sensitive to the DE EoS.
3.3.3 Information from Baryonic Acoustic Oscillations
We quantify now the geometrical information brought by the pres-
ence of BAOs features in the matter power spectrum. BAOs ap-
pear as wiggles superposed on the power spectrum of the domi-
nant Dark Matter component (e.g. Eisenstein & Hu 1998). The os-
cillation scale is proportional to the inverse of the sound horizon
at the matter radiation equivalence. BAOs carry at lower redshift
the same information that baryonic oscillations in the CMB pho-
ton power spectrum provide at the last-scattering redshift. The po-
sition of the wiggles is related to the amount of dark matter and
baryons. As Ωmh2 increases, the first peak is shifted to higher k val-
ues and, moreover, the valleys and peaks become slightly narrower.
The amplitude of the wiggles also depends on Ωb as the oscilla-
tions grow stronger as the baryon fraction increases. In this analy-
sis, we study the constraints on the (w0,wa) DE EoS parameters as
obtained by using the transfer function by Eisenstein & Hu (1998),
which includes BAOs, and by using instead the transfer function
that smoothly interpolates through the oscillations (see equation
(30) of Eisenstein & Hu 1998). In the latter case, the presence of
baryons manifests itself only by modifying the overall shape of the
transfer function.
We carried out the analysis including and excluding BAOs
in the shape of the matter power spectrum used to compute clus-
ter number counts and bias. In order to better appreciate the in-
formation carried by BAOs, in both cases we do not assume any
prior on cosmological parameters, while we use strong prior on the
mass parameters. As expected, constraints from Wide survey are
those that benefits most from the presence of the BAOs. This is
mainly due to the fact that this survey provides the best sampling
of the long wavelength modes corresponding to the most prominent
first oscillation harmonics. The inclusion of the BAOs analysis in-
creases the FoM by a factor of 2.1 in this case. On the other hand,
no significant information on BAOs is provided by the Medium and
the Deep surveys. The FoM from the Medium survey does not in-
crease, while the FoM provided by Deep survey increases by a fac-
tor of 1.2. In fact, the Deep survey seems to convey slightly more
information on the BAOs. This is mainly due to the higher num-
ber density of clusters in this survey, which reduces the noise when
sampling the BAOs.
3.3.4 Information from the power spectrum shape
To quantify the geometrical information encoded in the matter
power spectrum shape, we fit the shape parameter Γ in our anal-
ysis, regardless of its dependence on Ωm, h and Ωb which is spe-
cific to the type of Dark Matter. We compare the results obtained
by assuming Dark Matter to be Cold with those obtained for a gen-
eral form of Dark Matter. In the latter case Γ is treated as a free
parameter. In the former, under the CDM assumption, the shape of
the transfer function is given by Ωmh, that specifies the size of the
horizon at the equality epoch, and by the baryon density parame-
ter. For this reason, the power spectrum shape carries information
on the cosmic expansion history. Relaxing the CDM assumption,
other characteristic scales could affect the shape of the power spec-
trum. For instance, if massive neutrinos provide a contribution to
the DM budget, the power spectrum is expected to be suppressed
with respect to the pure CDM scale on scales smaller than the
characteristic neutrino free streaming scale (e.g., Hannestad 2010;
Marulli et al. 2011). Already available data on the evolution of the
cluster mass function have been used to set interesting constraints
on neutrino mass (Mantz et al. 2010).
In Fig. 7, we show the expected 68 per cent confidence ellipse
on the (Ωm, σ8) plane, by combining cluster number counts and
power spectrum information for the three surveys together, when
leaving the shape Γ as a free parameter (blue dotted ellipse) and
when using instead its CDM expression (red solid ellipse). In order
to elucidate the effect of a preadopted CDM power spectrum on
these constraints, we fix to their reference values the parameters
that, along with Ωm, determine the power spectrum shape, namely
Ωb, the Hubble parameter h and the primordial spectral index ns . By
removing the assumption of a CDM spectrum constraints become
weaker. In addition, since the effect is more pronounced for the
matter density parameter, the direction of degeneracy changes in
the sense of a milder dependence of σ8 on Ωm.
The shape of the power spectrum is better sampled by the
largest survey area covering the widest range of scale. This trans-
lates into a stronger constraint on the Ωm parameters and conse-
quently on the DE EoS parameters. Thus, if we relax the assump-
tion of CDM for the shape of the power spectrum, the FoM of the
Wide survey decreases by 7 per cent. This decrement is less pro-
nounced in the Medium and Deep surveys, whose FoM decreases
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Figure 6. Constraints at the 68 per cent confidence level on the (Ωm , σ8) parameters (left panel) and on the (w0,wa) DE EoS parameters (right panel).
Contours, in order of decreasing area, are obtained by including the Fisher Matrix from cluster number counts only (cyan ellipse), adding cluster power
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(red ellipse). All constraints are obtained by combining information from the three surveys and assuming the strong prior on the mass parameters.
respectively by 4 and 5 per cent, owing to their weaker sensitivity
to the spectrum shape.
3.3.5 Information from redshift-space distortions
In this section, we discuss the effect of including information from
RSDs in the power spectrum analysis. We remind here that we re-
strict our analysis to the linear regime, while we do not attempt
to include the non-linear distortions taking place on small scales.
In this case, the dependence of the power spectrum on the angle
between line of sight and wavenumber directions is expressed by
equation (10). The inclusion of the RSDs provides additional infor-
mation on the linear growth rate of perturbations. This test has been
amply utilized to constrain cosmic growth from galaxy redshift sur-
veys (e.g., Guzzo et al. 2008; Wang et al. 2010; Blake et al. 2011,
and references therein). However, no evidence has been reported so
far on the detection of such distortions in the clustering analysis of
galaxy clusters. Also, this information has been never included so
far in the derivation of forecasts on the constraining power of future
cluster redshift surveys.
In Fig. 8, we show constraints on the (w0,wa) DE EoS pa-
rameters obtained by either including (blue dotted ellipse) or ex-
cluding (dot-dashed cyan ellipse) RSDs information in the anal-
ysis of the cluster power spectrum. Both contours represent con-
straints derived by combining the power spectrum Fisher Matrix
from the combination of the three surveys, also including Planck
prior on cosmological parameters and strong prior on mass pa-
rameters. Quite remarkably, by including information from RSDs
DE constraints are tightened significantly, thanks to the additional
constraints provided on the linear perturbation growth rate. This
leads to an increase of the FoM by a factor of 2.2. By analysing
the three surveys separately, if we do not add Planck prior, we find
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Figure 7. Constraints at the 68 per cent confidence level on the (Ωm , σ8) pa-
rameters by leaving the shape parameter Γ as a free fitting parameter (dotted
blue ellipse) or assuming its CDM dependence on Ωm, h and Ωb, (solid red
ellipse). All constraints are obtained by combining information from the
three surveys together, including number counts and power spectrum. In
both cases, we assume here the values of the parameters h, Ωb and ns to
be fixed at their reference values (see text). No Planck prior are assumed in
this case, while strong priors are assumed on the mass parameters.
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Figure 8. Constraints at the 68 per cent confidence level on the (w0,wa)
DE EoS parameters, after including (dotted blue curve) or excluding (dot-
dashed cyan curve) information from redshift space distortions in the cluster
power spectrum analysis. The constraints are obtained by combining infor-
mation for the three surveys together, including the prior information from
the CMB Planck experiment, and assuming strong prior on the mass pa-
rameters.
that including RSDs information enhances the value of the FoM
by a factor of about 35, 7.75 and 6.8 for the Wide, Medium and
Deep surveys, respectively. The increasing contribution of RSDs
with survey depth is due to the fact that tighter constraints are ob-
tained by extending the redshift baseline over which the evolution
of perturbation growth is followed.
We emphasize once again that large surveys of galaxy clus-
ters do have the potential of conveying cosmological information
from RSDs. This emphasizes the importance of obtaining precise
redshift measurements for all clusters included in the survey.
3.3.6 Constraints on Early DE models
As a final analysis, we derive now forecasts for the constraints on
the parameters defining the EoS of Early Dark Energy (EDE) model
of equation (2), which assumes the parametrization by Grossi et al.
(2009). In Fig. 9 and 10, we show constraints obtained on the (w0,
Ωe,de) parameters. Cluster number counts and bias are computed
by using the standard mass function by Jenkins et al. (2001). As
discussed by Grossi et al. (2009), the expression of the mass func-
tion calibrated on N-body simulation according to ΛCDM model
is also a reliable description of the one provided by simulations of
EDE models, at least as long as DE is homogeneous on small scales
(see also Francis et al. 2009).
Fig. 9 presents the constraints obtained for each of the three
surveys and for their combination. They are obtained by combin-
ing cluster number counts and power spectrum information. We in-
clude constraints from the Planck prior and assume strong prior on
mass parameters. The results shown in this figure confirm that the
Medium survey is the one carrying most of the information on the
DE EoS. Thus we can extend to EDE models what we found in the
right panel of Fig. 4 for models of equation 1 where DE influences
the cosmic evolution at lower redshift. Even if the Deep survey
should be more sensitive to the EDE thanks to the large number of
clusters at z > 0.8, a higher FoM is found for the Medium survey.
This is mainly triggered by the number of total clusters provided
by the Medium survey even at high redshifts.
In order to analyse the origin of the constraints on EDE pa-
rameters, we show in Fig. 10 how such constraints are progres-
sively tightened as we add information from cluster power spec-
trum and Planck experiment to the cluster number counts. The
latter are expected to provide rather degenerate constraints on
(w0,Ωe,de), which is basically associated to the freedom of choos-
ing a generic geometry of the Universe. The power spectrum anal-
ysis brings in addition both information on geometry through the
shape of the transfer function and extra information on pertur-
bation growth through RSDs. It is well known that the primary
CMB, with the exception of the integrated Sachs-Wolfe effect, does
not provide constraints on the dark energy for a non-flat Universe
(Albrecht et al. 2006; Bean et al. 2001). However, the Ωm param-
eter is strongly constrained by the CMB and this in turn tightens
the cluster constrains on DE, as we point out in Section 3.3.2 (see
also Figs. 6). Furthermore, adding constraints expected from the
Planck experiment causes also EDE constraints to be much im-
proved, while changing the degeneracy direction. The reason for
this is that in the EDE scenario, the purely geometrical constraints
from CMB anisotropies become slightly more important due to a
non-negligible DE contribution to the total energy density of the
Universe at z ∼ 103. The FoM derived from our constraints in-
creases by a factor of 27 when we add information from the Planck
experiment to the clusters analysis. In general, this further high-
lights that tracing cosmic growth over the widest possible range of
redshift is required in order to tightly constrain the values of DE
EoS parameters (Xia & Viel 2009).
4 CONCLUSIONS
In this paper, we presented forecasts on the capability of future
wide-area high-sensitivity X-ray surveys of galaxy clusters to yield
constraints on the parameters defining Dark Energy (DE) equation
of states. We considered the standard equation of state (EoS) pro-
vided by equation (1) and the class of Early DE models of equa-
tion (2). Our analysis was carried out for future X-ray surveys
which have enough sensitivity to provide accurate measurements
of X-ray mass proxies and Fe-line based redshifts for approxi-
mately 2 × 104 clusters, thus extending by more than two orders
of magnitude the size of the cluster samples presently used to de-
rive cosmological constraints (e.g., Allen et al. 2011). We used the
Wide Field X-ray Telescope (WFXT) (e.g., Giacconi et al. 2009;
Murray & WFXT Team 2010; Rosati et al. 2011) as a reference
mission concept along with the Wide (20000 sq.deg.), Medium
(3000 sq.deg.) and Deep (100 sq.deg.) survey configurations (see
Table 1). We based our analysis on the Fisher Matrix formalism,
by combining information on the cluster number counts and power
spectrum, also including the effect of linear redshift-space distor-
tions (RSDs). This analysis has been carried out with the main pur-
pose of dissecting the cosmological information provided by geo-
metrical and growth tests, which are both included in the analysis of
number counts and clustering of galaxy clusters. The main results
of this study can be summarized as follows.
(a) When constraining the parameters of the DE EoS of equation
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(1), we further demonstrate the fundamental importance of having
a well calibrated X-ray observable-mass relation and, most impor-
tantly, its redshift evolution.
We verify that the Figure of Merit (FoM) of the DE EoS increases
up to 106 when we assume a strong prior on the mass parame-
ters, as resulting from a precise and robust calibration of the mass-
observable relation, with respect to the case in which no such prior
is available (FoM = 61) (see Table (2)). Such an internal calibration
can be readily achieved from the same X-ray data by having at least
∼ 103 net photon counts for each cluster included in the survey.
(b) We find that the Medium survey is the one carrying most of
the constraining power (Table (3)), since it is expected to yield
the largest number of clusters out to redshift z ∼ 1. As such, the
Medium survey shows the tightest constraints on the evolution of
the DE EoS (σw0 = 0.097 and σwa = 0.54) and the corresponding
highest Figure of Merit (FoM = 60). The Deep survey, although
covering a much smaller area than the Wide survey, adds an impor-
tant contribution to constraining DE parameters (FoM = 20).
(c) We quantify the increase of the constraining power from the
three surveys separately and from their combination, by adding pro-
gressively information from the cluster number counts, the mean
cluster power spectrum analysis and the CMB prior from Planck
experiment. We summarize in Fig. 11 the resulting improvements
on FoM. The slightly different directions of degeneracy of the con-
straints in the (w0,wa) parameter space from cluster number counts
and power spectrum explain why the constraints substantially im-
prove when we consider the two contribution together rather then
separately. We verified that adding the CMB information improve
the corresponding constraints on the DE EoS, mostly as a conse-
quence of the constraint provided by CMB data on the geometry of
the Universe (right panel of Fig. 6).
(d) We find that RSDs carry important cosmological information
through the linear growth of perturbations, also in the case of clus-
ter surveys. Indeed, the DE FoM from the power spectrum analysis
of the Wide survey increases by a factor 35 when including RSDs,
while increasing by a factor 7.7 and 6.8 for the Medium and the
Deep surveys, respectively.
(e) As for the information carried by the shape of the power spec-
trum, a smaller increase in the FoM is instead measured when in-
cluding BAOs. In this case the FoM from the power spectrum anal-
ysis of the Wide survey increases by a factor of 2, while no signifi-
cant information on BAOs is provided by the Medium and the Deep
surveys. Furthermore, relaxing the assumption of CDM and treat-
ing the shape of the power spectrum as a free parameter reduces the
FoM by a factor of 1.7 in the analysis of the Wide survey.
(f) The results obtained for the EDE EoS analysis confirm that
the Medium survey is the one carrying most of the information on
the DE EoS. This emphasizes once more the importance of finding
a good balance in the definition of a survey strategy, between the
redshift range needed to trace cosmic growth and the survey area.
By extending the redshift range of the sample and with the abil-
ity to internally calibrate the observable-mass relation, we expect
to measure the EDE EoS parameter (Ωe,de) with an uncertainty of
σΩe,de = 6.6 × 10−4 .
In order to compare the constraints from the WFXT cluster
surveys to those expected from other cosmological experiments,
we also compare in Fig. 11 the FoM expected from WFXT to those
presented by Albrecht et al. (2006) for different large–scale struc-
ture probes. In the DETF report, they showed that Stage II cluster
projects (ongoing surveys) provide FoM ∼ 2 (Fig. 11) when com-
bined with Planck priors. This analysis was carried out for a generic
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cluster count survey covering 200 deg2 up to zmax = 2, with the
simple assumption of a constant mass selection function. Accord-
ing to Stage IV future experiments, by extending the survey area
to 20000 deg2, the FoM rises in the optimistic configuration 5 up
to ∼ 40 with the contribution of the CMB Planck priors. We point
out that the DETF analysis did not include the constraints expected
from the power spectrum analysis. A similar value of the FoM was
also obtained from an optimistic version of Stage IV project for
BAO analysis based on galaxy redshift surveys, again including
Planck priors. The constraining power of these optimistic 6 Stage
IV experiments is somewhat weaker than that of the WFXT sur-
veys, with the latter having a FoM larger by a factor of ∼> 2. In Fig.
11, we also show for reference the FoM expected for an optimistic
7 Stage IV Weak Lensing experiment, which should reach a value
of about 300.
We stress that the above forecasts from the WFXT surveys
are obtained by considering a subsample of clusters with at least
1500 net photon counts. With this restriction robust mass and Fe-
line based redshift measurements can be readily available from the
same survey data, without resorting to external follow-up calibra-
tions or observations. As such, the derived constraints should be
considered as rather conservative since they do not include possi-
ble information carried by clusters detected with a smaller number
of photons or any other information to constrain mass from external
observations (e.g., Sunyaev-Zeldvich fluxes, weak lensing masses
and optical richness from future surveys). Lowering the flux limits
of the WFXT surveys by a factor of 30 would still guarantee de-
tection of clusters as extended sources, without however allowing
a measurement of redshifts and robust mass proxies. Fig. 11 shows
that by including all the detectable clusters, the FoM increases by
about one order of magnitude, even by assuming no prior on the
mass parameters to compensate for the lack of robust mass mea-
surements. We note that the Wide survey provides the largest con-
straining power for the DE parameters when we include all clusters
down to the detection limit. In fact, in this case the Wide survey
dominates the statistics of clusters counts out to redshift 1.5 (see
Figure 3 in Sartoris et al. (2010)). Clearly, the results obtained from
all the detected clusters must be considered as optimistic, since they
rely on the possibility of confirming all these extended sources and
measuring their redshifts with the aid of large follow-up observa-
tions.
In general, our analysis emphasizes that for large cluster sur-
veys to be really useful for cosmological applications, not only
large samples are needed but also a robust measurement of mass
proxies is required for a significant fraction of the cluster sample.
5 As for the clusters analysis, according to the optimistic configuration, the
mean of the mass-observable relation and its variance per redshift interval
of ∆z = 0.1 is assumed in the DETF report to be determined up to a level of
1.6%.
6 As for the BAOs analysis, the DETF report introduces the σF param-
eter, which describes the scatter in the relation between the true and the
photometric redshifts, σ2F = Var(z − zphot)/(1 + z)2. In the the optimistic
configuration σF = 0.01.
7 As for the WL analysis in the DETF report, the r.m.s. bias σln(1+z) be-
tween the mean z and photometric redshift for galaxies in ln(1 + z) for
each bin of width 0.15 is assumed to be determined with a precision of
0.001. Moreover, the shear measurement is assumed to be miscalibrated
by a factor (1 + fcal) that varies independently for each redshift bin. It
is assumed that the calibration factor of each redshift bin has a Gaussian
prior of width σ( fcal). In the optimistic scenario this parameter was fixed to
σ( fcal) = 0.001.
This will be possible with future X-ray surveys only with an ad-
equate combination of survey area, sensitivity and angular resolu-
tion. Furthermore, our results also indicates that the optimization
of the survey strategy depends on the class of cosmological models
that one wants to constrain. For instance, in our previous analysis
presented in Sartoris et al. (2010), we showed that the Wide sur-
vey is best suited to constrain deviations from non–Gaussian initial
conditions, due to its ability to sample the long wavelength modes
thus detecting a possible scale-dependence of the bias. This differs
from the conclusion reached in the analysis presented here, where
instead we conclude that the Medium survey is best suited to trace
the growth history of perturbation over a large redshift baseline,
as required to follow the redshift dependence of the DE EoS. As
already mentioned in the introduction, models of modified gravity
and of clustered DE represent an other broad class of models for
which clusters can provide important constraints (e.g., Rapetti et al.
2009; Schmidt et al. 2009; Lombriser et al. 2010). General predic-
tions of these models are the scale-dependence of the growth factor
of perturbations and of the bias function (e.g., Parfrey et al. 2011).
Large cluster surveys, such as those considered in this paper, have
the potential of placing important constraints on such signatures
of deviations from standard quintessence variants of ΛCDM, espe-
cially once a suitable survey strategy is chosen.
The upcoming results from the Planck mission will much im-
proved CMB priors based on experimental data. At the same time,
the eROSITA satellite will provide in few years a wealth of fresh
X–ray view of the large scale distribution of galaxy clusters and
the evolution of their population out to z ∼ 1. While waiting for a
first X–ray satellite optimized for surveys, such as WFXT, there is
no doubt that an extensive follow-up campaign will be required to
provide a robust mass calibration with independent methods for a
significant fraction of eROSITA clusters, so as to fully exploit the
cosmological information contained in such surveys.
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